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Maturing amphibian oocytes undergo drastic morphological changes, including germinal vesicle breakdown (GVBD),
chromosome condensation, and spindle formation in response to progesterone. Two kinases, maturation-promoting factor
(MPF) and mitogen-activated protein kinase (MAPK), are involved in these changes, but their precise roles are unknown.
Unlike in Xenopus oocytes, discrimination of the functions of MAPK and MPF in Rana oocytes is easy owing to the lack
of pre-MPF. We investigated the roles of these kinases by careful observations of chromosomes and microtubules in Rana
oocytes. MPF and MAPK activities were manipulated by treatment with progesterone, c-mos mRNA, or cyclin B mRNA in
combination with MAPK kinase inhibitors. Activation of one kinase without activation of the other induced only limited
events; GVBD was induced by MPF without MAPK, and reorganization of microtubules at GVBD was induced by MAPK
without MPF, but other events were not induced. In contrast, coactivation of MPF and MAPK by injection of c-mos and
cyclin B mRNA promoted almost all of the morphological changes that occur during maturation without progesterone,
indicating that these are controlled by cooperation of MPF and MAPK. The results revealed the functions of MAPK and MPF
in each process of sequential morphological changes during oocyte maturation. © 2002 Elsevier Science (USA)
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In many animals, including invertebrates and vertebrates,
full-grown oocytes are arrested at the G2/M border of the
first meiotic division. The oocytes are released from the G2
arrest in response to specific signals, often hormones, and
resume the meiotic cell cycle for acquisition of fertilizabil-
ity, a process known as oocyte maturation. The maturing
oocytes undergo drastic morphological changes in accor-
dance with the progression of meiosis. These include ger-
minal vesicle breakdown (GVBD), chromosome condensa-
tion, and organization of microtubules to form a bipolar
spindle. In spite of the impressive progress in understanding
regulatory mechanisms of oocyte maturation, details of
mechanisms underlying the induction and coordination of
these morphological events during maturation are still
unknown.
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factor (MPF) and the mitogen-activated protein kinase
(MAPK) are activated during oocyte maturation, and these
kinases are thought to play essential roles in the regulation
of morphological events during oocyte maturation (for
reviews, see Sagata, 1997; Ferrell, 1999; Nebreda and Ferby,
2000; Yoshida et al., 2000b; Abrieu et al., 2001). MPF,
which consists of the catalytic subunit Cdc2 and the
regulatory subunit cyclin B, triggers the G2/M phase tran-
sition and controls dynamic events in the M phase of both
mitosis and meiosis (Nurse, 1990). It has been found that
MAPK is activated immediately before or after GVBD
through a pathway that comprises Mos (the c-mos protoon-
cogene product, MAPK kinase kinase) and Mek (MAPK
kinase) and that it is inactivated after the completion of
meiosis in all species (Ferrell et al., 1991; Shibuya et al.,
1992; Verlhac et al., 1994). These findings suggest that
MAPK works specifically in oocyte maturation, being dis-
tinct from MPF, the function of which is presumed to beTo whom correspondence should be addressed. Fax: 81-11-
common in both mitosis and meiosis. However, the precise
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roles of MAPK and MPF and their differences are not fully
understood. In a cell-free extract from Xenopus eggs, for
example, both MPF and MAPK can organize interphase
microtubules into a pattern characteristic of metaphase
(Verde et al., 1990, 1992; Gotoh et al., 1991). The Mos-Mek-
MAPK pathway plays various roles during Xenopus oocyte
maturation, but almost all of its functions seem to be
associated with the function of MPF (for reviews, see
Sagata, 1997; Abrieu et al., 2001). The difficulty in analyz-
ing the functions of MPF and MAPK during Xenopus oocyte
maturation is due to the fact that the activation of one
kinase is always associated with the activation of the other,
owing to a positive feedback loop constituted by these
kinases.
Full-grown immature Xenopus oocytes contain pre-MPF
composed of cyclin B-bound Cdc2 phosphorylated on both
threonine 14 (T14)/tyrosine 15 (Y15) and threonine 161
(T161) (Gautier and Maller, 1991; Kobayashi et al., 1991).
The maturation-inducing hormone progesterone dephos-
phorylates T14/Y15, resulting in the activation of pre-MPF
(Izumi and Maller, 1995; Palmer et al., 1998). The Mos-
Mek-MAPK pathway is involved in the inhibition of T14/
Y15 phosphorylation, which is required for the activation of
pre-MPF, and active MPF, in turn, activates the Mos-Mek-
MAPK pathway (for review, see Nebreda and Ferby, 2000).
Thus, MPF and MAPK form a positive feedback loop in
Xenopus oocytes. A similar situation exists in oocytes of
other experimental animals, such as the mouse and starfish,
since immature oocytes of these species also contain pre-
MPF.
In striking contrast to the oocytes in these animals,
full-grown immature oocytes of fishes and amphibians
other than Xenopus contain no pre-MPF (Tanaka and Ya-
mashita, 1995). After hormonal stimulation, cyclin B is
synthesized from its stored mRNA and binds to the preex-
isting Cdc2. The binding of Cdc2 and cyclin B (formation of
MPF) enables Cdk7 to phosphorylate cyclin B-bound Cdc2
on T161, thereby activating MPF without T14/Y15 phos-
phorylation and dephosphorylation (Yamashita et al., 1995;
Ihara et al., 1998; see also reviews, Yamashita, 1998, 2000).
Although MAPK is activated during oocyte maturation in
these animals, its activation by ectopic expression of Mos
in immature oocytes of Rana and goldfish induces neither
the formation nor the activation of MPF (Yoshida et al.,
2000a; Kajiura-Kobayashi et al., 2000), which allows us to
easily distinguish the functions of MAPK from those of
MPF. In addition, the absence of pre-MPF in oocytes of
these animals enables us to optionally control the level of
MPF activity in the oocytes by injecting a certain amount of
cyclin B, as opposed to the pre-MPF-containing Xenopus
oocytes, in which full activation of MPF is always induced
due to the autoamplification of MPF even when a small
amount of cyclin B is introduced. Consequently, immature
oocytes in fishes and amphibians other than Xenopus
provide us with a useful experimental system for analyzing
the functions of MAPK during oocyte maturation with
exclusion of MPF activity or with a certain level of MPF
activity.
In this study, we used the frog Rana japonica to elucidate
the functions of MPF and MAPK during oocyte maturation,
focusing on several distinct morphological events that
occur during oocyte maturation. By manipulating the ac-
tivities of MAPK and MPF, we demonstrated that reorgani-
zation of an array of microtubules at the onset of GVBD is
induced by MAPK without MPF activity, while GVBD itself
is induced by MPF without MAPK activity. Chromosome
condensation requires the activities of both MAPK and
MPF, and the activity of either of them can only induce
partial condensation of chromosomes. Changes in the orga-
nization of microtubules (formation of a microtubule-
organizing center, assembly of a transient microtubule
array, its migration toward the animal pole, its transforma-
tion into a compact aggregation to form a spindle, and
construction of a bipolar spindle) are controlled by MAPK
in collaboration with MPF that comprises either cyclin B1
or B2 dependent on the event. On the basis of these
findings, we discriminate the roles of MPF and MAPK in
morphological changes that occur during oocyte matura-
tion in amphibians.
MATERIALS AND METHODS
Oocyte Extraction
Sexually mature Japanese brown frogs, R. japonica, were pur-
chased from a dealer just before hibernation (middle of October)
and stored at 4°C until the natural breeding season (from the end of
February). Immature oocytes were isolated as described previously
(Ihara et al., 1998). The oocytes were treated for 15 min with 10
g/ml progesterone in modified Barth’s saline buffered with Hepes
(MBS-H) (Cyert and Kirschner, 1988) and further cultured in MBS-H
at 18°C. For inhibiting MAPK activation, the oocytes were incu-
bated for 1 h with 50 M U0126 (Promega), 100 M PD98059
(Alexis Biochemicals), 50 M U0124 (Calbiochem) as an inactive
U0126 analog, or DMSO (the final concentration being 0.5%) as a
vehicle control in MBS-H before the progesterone treatment.
PD98059 was exchanged every 2 h.
Extracts from the oocytes treated with progesterone or injected
with mRNA were prepared as follows. At intervals of 3 h after
treatment with progesterone or at 24 h after injection of mRNA, 20
oocytes were harvested and washed 3 times with ice-cold extrac-
tion buffer [EB: 20 mM Hepes, pH 7.5, 100 mM -glycerophosphate,
15 mM MgCl2, 5 mM EGTA, 1 mM dithiothreitol, 300 M
(p-amidinophenyl) methanesulfonyl fluoride, 3 g/ml leupeptin].
After removing excess EB with filter paper, 20 l of new EB was
added. The oocytes were homogenized with a pestle (Pellet Pestle,
Kontes) and centrifuged at 15,000g for 10 min at 4°C. The super-
natant was collected, diluted 4-fold with EB, and stored at –80°C
until used for measuring Cdc2 kinase activity (5 l) and MAPK
activity (1 l) and for examining Cdc2, cyclins B1 and B2, Mos, and
MAPK by immunoblotting as described below.
Immunoblotting
Anti-Rana cyclin B1 mouse polyclonal antibody (Ihara et al.,
1998), anti-Rana cyclin B2 rabbit polyclonal antibody (Kotani et al.,
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2001), and anti-mouse Cdc2 mouse monoclonal antibody cross-
reactive to Rana Cdc2 (MC2–21) (Tanaka and Yamashita, 1995)
were used to detect Rana cyclins B1, B2, and Cdc2, respectively.
Anti-Xenopus Mos rabbit polyclonal antibody (a gift from Dr. N.
Sagata, Kyushu University) and anti-phospho-MAPK (Thr 202/Tyr
204) rabbit polyclonal antibody (New England Biolabs) were used to
detect Xenopus Mos and active Rana MAPK, respectively.
For immunological detection of cyclin B/Cdc2 complexes, crude
FIG. 1. Organization of microtubules and chromosomes during progesterone-induced Rana oocyte maturation. Microtubules are shown
in green and chromosomes in red. The oocytes treated with progesterone were fixed at 12 h before GVBD (A, B) and at 0 (C), 3 (D), 3–6 (E–H),
6–9 (I, J), 9–12 (K, L), and 12–18 h (M, N) after GVBD. In full-grown immature oocytes, a microtubule array surrounds the germinal vesicle
(GV) (A) and chromosomes are partially condensed in the GV (B). The microtubule array is reorganized prior to a breakdown of the GV (C).
As the germinal vesicle breakdown (GVBD) proceeds, a transient microtubule array (TMA) assembles (D), migrates toward the animal pole
(E, F), and transforms into a compact aggregate (G, H) to form a bipolar spindle at metaphase I (I, J). After separation of chromosomes (K)
and extrusion of the first polar body (L), microtubules and chromosomes again form a compact aggregate (M) and then transform into a
bipolar spindle at metaphase II (N). The asterisk in (A) indicates the microtubule array surrounding the GV. Arrowheads in (D) indicate the
MTOC. Arrows in (E) and (F) show the surface of oocytes. Bars: 100 (A, C), 50 (D–F), and 10 m (B, G–N).
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oocyte extracts (60 l) were subjected to Suc1-precipitation before
immunoblotting as described previously (Yamashita et al., 1991),
while crude oocyte extracts (2 l) were directly used to detect Mos
and MAPK by immunoblotting. The samples were separated with
a 12.5% gel, blotted onto Immobilon membrane (Millipore), and
probed with primary antibodies. The antigen–antibody complex
was visualized by alkaline phosphatase-conjugated secondary anti-
bodies, as previously described (Yamashita et al., 1991) or by ECL
Western blotting detection reagents (Amersham) according to the
manufacturer’s instructions.
Kinase Assays
The activity of Cdc2 kinase was measured with a synthetic
peptide (SP-peptide, KKAAKSPKKAKK), according to the proce-
dures described previously (Yamashita et al., 1992). Histone H1
(type III-S from calf thymus; Sigma) was also used as a substrate for
Cdc2 in some experiments. Using the samples derived from the
same lot, we confirmed that the activities measured with SP-
peptide and histone H1 exhibited no significant difference.
The activity of MAPK was detected by an in-gel assay using
polyacrylamide gels containing 0.5 mg/ml myelin basic protein,
according to the procedures described previously (Shibuya et al.,
1992).
Microinjection
Full-grown oocytes were manually isolated with forceps for
injecting Rana cyclin B1, B2, or Xenopus c-mos mRNA synthesized
according to the procedures described previously (Ihara et al., 1998,
Yoshida et al., 2000a). The oocytes injected with cyclin B mRNA
were treated for 1 h with U0126 in MBS-H before the injection,
whereas those injected with c-mos mRNA were treated with
U0126 at 3 h after the injection. The minimum concentration of
U0126 for inhibiting MAPK in the oocytes injected with either
cyclin B or c-mos mRNA was 50 M. When the oocytes were
successively injected with c-mos and cyclin B mRNA, the latter
was injected 3 h after the former. To inhibit MAPK activation, the
oocytes were treated before the injection of c-mos mRNA with 200
M U0126, the minimum concentration for completely inhibiting
the activation of MAPK in c-mos and cyclin B mRNA-injected
oocytes.
Immunocytochemistry
At intervals of 3 h after progesterone treatment or at 48 h after
mRNA injection, oocytes were fixed in 3.7% formaldehyde/0.2%
Triton X-100/0.5 M taxol in a microtubule assembly buffer (80
mM KPipes, 5 mM EGTA, 1 mM MgCl2, pH 6.8) (Gard, 1991). After
fixation overnight at room temperature, the oocytes were washed
in 70% ethanol and stored at 4°C until use. The fixed oocytes were
dehydrated, embedded in paraffin, cut into 8- to 12-m-thick
sections, and placed on slides treated with VECTABOND (Vector
Laboratories). Following deparaffinization and rehydration, the
oocytes were stained with 10 g/ml Hoechst 33258 or with 25
g/ml propidium iodide. After washing in TBS (150 mM NaCl, 20
mM Tris, pH 7.5), they were treated with a blocking solution (5%
dry milk and 0.1% Triton X-100 in TBS).
For observation of microtubules, the oocytes were incubated
with FITC-conjugated anti--tubulin antibody (DM1A, Sigma; 1:50
dilution in blocking solution) or anti--tubulin antibody (GTU-88,
Sigma; 1:1000 dilution in blocking solution). For observation of
MAPK and lamin B, the oocytes were incubated with anti-phospho-
MAPK (Thr 202/Thy 204) rabbit polyclonal antibody or anti-lamin
B mouse monoclonal antibody (L-200) (a gift from Dr. A. Yamagu-
chi, Kyushu University), respectively (each 1:500 dilution in block-
ing solution). After washing in TBS, the oocytes were stained with
Alexa 546- or 488-conjugated secondary antibody (Molecular
FIG. 2. Cdc2, cyclins B1 and B2, and MAPK in Rana oocytes. (A)
Immunoblotting of Cdc2 and cyclin B (top) and in-gel assay of
MAPK activity (bottom) in immature, GVBD, metaphase I, and
metaphase II oocytes. Anti-Cdc2/cyclin B immunoblotting of Suc1-
precipitates from oocytes shows two forms of Cdc2 and Cdc2-
bound cyclins B1 and B2. The upper form of Cdc2 (35 kDa) is
monomeric and inactive, whereas the lower form (34 kDa) is active
and cyclin B-bound (Ihara et al., 1998). (B) Prometaphase I oocytes
stained with Hoechst 33258 (DNA), anti--tubulin antibody (-
Tubulin), anti--tubulin antibody (-Tubulin), and anti-phospho-
MAPK antibody (P-MAPK). Active phosphorylated MAPK was
found on the spindle at prometaphase I (top and bottom) but not in
the control section stained with secondary antibody alone (middle).
The right figure in the bottom panel is a merged image of -Tubulin
(red) and P-MAPK (green) staining (Merge). Bars: 50 m.
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Probes; each 1:200 dilution in blocking solution). The oocytes were
mounted by using a ProLong Antifade kit (Molecular Probes) and
observed under a Bio-Rad MicroRadiance confocal microscope or a
Zeiss Axioskop microscope.
DNA Replication Assay
Full-grown oocytes were injected with 50 pM biotin-16-dUTP
(Roche), incubated with 50 M U0126 for 1 h, and treated with
progesterone. The oocytes were further cultured with or without 50
g/ml aphidicolin in MBS-H and fixed 18 h after GVBD. Following
cutting into 12-m-thick sections as described above, the oocytes
were stained with 25 g/ml propidium iodide and 5 g/ml FITC-
conjugated avidin (Roche) in TBS containing 1% bovine serum
albumin for 30 min at room temperature. After being mounted, the
oocytes were observed under a confocal microscope.
RESULTS
Microtubule and Chromosome Organization
during Progesterone-Induced Rana Oocyte
Maturation
Changes in microtubule organization during oocyte
maturation have been described in detail for Xenopus (Gard,
1992; Gard et al., 1995), but little is known for Rana. First,
we describe changes in the organization of microtubules
and chromosomes during Rana oocyte maturation (Fig. 1;
also see Fig. 9 for schematic representation). The germinal
vesicle (GV) was located near the animal pole of the
full-grown immature oocyte. A dense network of microtu-
bules formed an array surrounding the GV (Fig. 1A). Chro-
mosomes were slightly condensed, exhibiting entangled
rope-like structures in the center of the GV (Fig. 1B). At the
onset of GVBD, the architecture of the microtubule array
surrounding the GV changed; the density at the animal
hemisphere decreased and the density at the vegetal hemi-
sphere increased (Fig. 1C). The net increase in microtubules
in the vegetal region of the GV is probably due to the
disassembly/reassembly of microtubules. The chromo-
somes condensed further. As GVBD proceeded, the chromo-
somes associated with microtubules in the vegetal region of
the GV. A transient microtubule array (TMA) (Gard, 1992)
was assembled and centered on the microtubule-organizing
center (MTOC) that was formed in the basal region of the
GV.
The TMA of 200–300 m in diameter rapidly migrated
and transported the chromosomes toward the animal pole
(Figs. 1D–1F), during which time its size decreased and its
shape changed to a monoaster-like structure (Figs. 1E and
1G) within 3 h after GVBD. The TMA was transformed into
a highly compact aggregate of about 10 m in diameter
immediately beneath the oocyte surface (Figs. 1F and 1H),
and its elongation made a bipolar spindle at meiotic meta-
phase I (Figs. 1I and 1J) between 3 and 9 h after GVBD. After
alignment at the equator of the spindle (Fig. 1J), the chro-
mosomes were separated (Fig. 1K) and a polar body was
excluded (Fig. 1L) between 9 and 12 h after GVBD. The polar
body exclusion was followed by a compact aggregation of
microtubules (Fig. 1M) to form a bipolar spindle at meta-
phase II (Fig. 1N) between 12 and 18 h after GVBD. No
interphase nucleus was found between meiosis I and II.
FIG. 3. Effects of MAPK inhibition on progesterone-induced oo-
cyte maturation. Oocytes were incubated with U0126 or DMSO as
a vehicle control and scored for the percentage of GVBD after
progesterone treatment. (A) Time course of GVBD. (B) Changes in
cyclins B1 and B2, Cdc2, and phospho-MAPK (P-MAPK). The active
form of Cdc2 are indicated by arrowheads. (C) Changes in Cdc2
kinase activity. Similar results were obtained from three indepen-
dent experiments.
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Cyclin B, Cdc2, and MAPK during Rana Oocyte
Maturation
As we reported previously (Ihara et al., 1998, Yoshida et
al., 2000a), cyclins B1 and B2, as well as active forms of
Cdc2 and MAPK, were absent in immature Rana oocytes
(Figs. 2A and 3B), in contrast to the presence of pre-MPF
(cyclin B-bound inactive Cdc2) in immature Xenopus oo-
cytes. Cyclins B1 and B2 were synthesized after progester-
one stimulation, and the resulting cyclin B proteins were
FIG. 4. Organization of microtubules and chromosomes in oocytes treated with U0126 and progesterone. Microtubules (A–C, E–F, I–J) and
lamin B (D) are shown in green, and DNA in red. (A–E) Oocytes were treated with U0126 before progesterone stimulation and fixed within
3 (A) and at 3 (B, C), 12 (D), and 18 h (E) after GVBD. (F) DMSO-treated control oocytes were fixed at 18 h after GVBD. (G, H) Occurrence
of DNA replication in oocytes treated with U0126 and progesterone. Oocytes were injected with biotin-dUTP, treated with U0126 and
progesterone, incubated in the absence (G) or presence (H) of 50 g/ml aphidicolin, fixed 18 h after GVBD, and stained with propidium
iodide (DNA) and FITC-avidin (dUTP). Incorporation of biotin-dUTP into DNA is observed in (G) but not in (H) as a control. (I, J) Effects
of active MAPK in U0126 and progesterone-treated oocytes. The oocytes injected with active MAPK 3 h before GVBD underwent TMA
formation, chromosome condensation (I), and bipolar spindle formation (J). The insets in (B), (E), and (I) are enlargements (3 times) of DNA
staining. The left and right insets in (D) show DNA and lamin B staining, respectively. Bars: 50 (A–C, E, I), 10 m (D, F–H, J).
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bound to the preexisting monomeric Cdc2 and activated it.
The activation of Cdc2 coincided with a change in electro-
phoretic mobility shift from 35 to 34 kDa (Figs. 2A and 3B)
(for details, see Ihara et al., 1998). MAPK was activated in
accordance with the activation of Cdc2 and the onset of
GVBD (Figs. 2A and 3B). An early transient activation of
MAPK has been reported in Xenopus (Fisher et al., 1999,
2000). In Rana, however, such a transient activation was
not detected (Fig. 3B).
Immunostaining with anti-phospho-MAPK antibody re-
vealed that active MAPK localized to a spindle in promet-
aphase I (Fig. 2B), as active MPF did (Kotani et al., 2001).
Thus, MPF and MAPK exhibit similar behavior during
Rana oocyte maturation. In addition, both of them can
affect the microtubule dynamics in vitro (Verde et al., 1990,
1992; Gotoh et al., 1991).
Which kinase, MPF or MAPK, is mainly involved in the
morphological changes during oocyte maturation? Since
MPF and MAPK usually form a positive feedback loop, it is
difficult to discern between the functions of these kinases.
In immature Rana oocytes, however, either MPF or MAPK
can be optionally activated without activation of the other
by treatment of the oocytes with Mek inhibitors, U0126
and PD98059 (this study), or by injection of c-mos mRNA
(Yoshida et al., 2000a). Using this advantage, we investi-
gated the function of MAPK in the microtubule organiza-
tion and chromosome condensation during oocyte matura-
tion, discriminating it from the function of MPF.
Effects of MAPK Inhibition during Progesterone-
Induced Oocyte Maturation
We first examined the effects of U0126 on Rana oocyte
maturation induced by the natural steroid hormone proges-
terone. Treatment of Rana oocytes with 50 M U0126 for
1 h prior to the progesterone treatment completely inhib-
ited MAPK activation throughout the course of oocyte
maturation (Fig. 3B). Even under these conditions, the
progesterone-treated oocytes underwent GVBD, although it
took place 3 h later than that in oocytes treated with DMSO
as a control (Fig. 3A). We have already shown a similar delay
in GVBD in MAPK-inhibited oocytes by MAPK phospha-
tases (CL100 and Pyst1) and suggested that MAPK plays a
role in the stabilization of Cdc2 kinase activity by inhibit-
ing cyclin B degradation (Yoshida et al., 2000a). Under the
condition of complete inhibition of MAPK activity, cyclin
B1 and B2 proteins were expressed on schedule, but the
appearance of active Cdc2 occurred 3 h later than that in the
control oocytes (Fig. 3B), in accordance with the delay in the
onset of GVBD (Fig. 3A). The kinase activity of Cdc2 in
control oocytes peaked 15 h after progesterone treatment,
decreased transiently, and then increased again. In the
MAPK-inactivated oocytes, however, the Cdc2 kinase ac-
tivity reached the first peak 3 h later than that in the
control oocytes (18 h after progesterone treatment) and
oscillated thereafter as also occurred in the control oocytes
(Fig. 3C). In the absence of MAPK activity, Cdc2 kinase
reactivates after meiosis I in the mouse (Verlhac et al.,
1996; Choi et al., 1996) and starfish (Tachibana et al., 2000).
In Xenopus, however, a similar phenomenon does not occur
(Furuno et al., 1994; Gross et al., 2000). The increase in
Cdc2 activity after meiosis I in MAPK-inhibited Rana
oocytes (Fig. 3) resembles the situation in mouse and
starfish oocytes.
We then examined the effects of MAPK inhibition on
the microtubule and chromosome organization during
progesterone-induced oocyte maturation. U0126-treated
oocytes failed to organize the MTOC in the basal region of
the GV, resulting in the elongation of microtubules situated
on the inner surface of the vegetal half of the GV toward the
animal pole without assembly on the MTOC (Fig. 4A,
compare with Fig. 1D). Chromosomes in the U0126-treated
oocytes also exhibited an obvious abnormality; they did not
condense completely but only partially (Fig. 4B, compare
with Fig. 1G). Between 3 and 6 h after GVBD, microtubules
and partially condensed chromosomes had dispersed
throughout the cytoplasm in 83% of the oocytes (Fig. 4B;
and Table 1), and in 17% of the oocytes, aggregation of
microtubules occurred but no spindle-like structure was
formed (Fig. 4C; and Table 1). PD98059, another Mek
TABLE 1
Effects of MAPK Inhibition on Microtubule and Chromosome Organization during Progesterone-Induced Rana Oocyte Maturation
Treatment
Time after
GVBD (h)
No. of
oocytes
Microtubules
Chromosomes
Metaphase II
arrestDispersed Aggregated
Partially
condensed De-condensed Re-condensed
U0126 3–6 63 52 (83%) 11 (17%) 61 (97%) 2 (3%) 0 (0%)
9–12 70 53 (76%) 17 (24%) 5 (7%) 59 (84%) 6 (9%)
15–18 53 50 (94%) 3 (6%) 0 (0%) 6 (11%) 47 (89%) 0 (0%)
DMSO 18 33 0 (0%) 33 (100%) 33 (100%)
Note. Oocytes were treated with U0126 or DMSO as a control for 1 h and then treated with progesterone for 15 min. Samples were
collected at the times indicated for examining the morphology of microtubules and chromosomes. Data obtained from three independent
experiments were combined. Biochemical changes in these oocytes are shown in Fig. 3.
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inhibitor, showed essentially the same results (data not
shown). In contrast, DMSO-treated oocytes used as a ve-
hicle control and U0124-treated oocytes used as an inactive
U0126 analog did not show any abnormality (data not
shown). These results suggest that MAPK is indispensable
for the MTOC organization, bipolar spindle formation, and
chromosome condensation during oocyte maturation.
Between 9 and 12 h after GVBD, the time of meiotic
metaphase I to II transition in normal oocyte maturation
(Figs. 1K–1M), the chromosomes in the U0126-treated oo-
cytes decondensed and formed nuclei (karyomeres) that
were surrounded by lamin B-coated nuclear envelope-like
structures (Fig. 4D; and Table 1). The incorporation of
biotin-labeled deoxyuridine triphosphate (biotin-dUTP)
into the karyomeres indicated DNA replication within
them (Fig. 4G). Between 15 and 18 h after GVBD, the
chromosomes recondensed to some extent, but not fully,
and no bipolar spindle was formed (Fig. 4E; and Table 1). In
contrast, the DMSO- or U0124-treated control oocytes
reached metaphase II at this time (Fig. 4F; and Table 1; data
for U0124 not shown).
To confirm that the abnormalities observed in the Mek
inhibitor-treated oocytes were actually due to the lack of
MAPK activity, we tested whether introduction of active
MAPK prevents the abnormalities. The U0126- and
progesterone-treated oocytes were injected with 7 ng of
active MAPK (rat recombinant; Biomol) 3 h before GVBD.
The injected oocyte possessed assembled microtubules and
highly condensed chromosomes (Fig. 4I), which then trans-
formed into a bipolar spindle at the surface of the oocyte
(Fig. 4J). Thus, active MAPK prevented the defects in the
MTOC organization, chromosome condensation, and bipo-
lar spindle formation in the Mek inhibitor-treated oocytes.
Morphological Changes Induced by Ectopic
Activation of MAPK
The above-described detrimental effects of the Mek in-
hibitors indicate that MAPK is indispensable for the micro-
tubule organization, chromosome condensation, and inhi-
bition of DNA replication during oocyte maturation.
Conversely, we observed the effects of ectopic activation of
MAPK by injection of Xenopus c-mos mRNA (25 ng), which
induces full activation of MAPK in immature Rana oocytes
(Yoshida et al., 2000a). The injection of c-mos mRNA
induced activation of MAPK to a level corresponding to that
in progesterone-treated mature oocytes (Fig. 5A), but it
induced neither GVBD (Fig. 5B) nor Cdc2 activation (data
not shown), as reported previously (Yoshida et al., 2000a).
The ectopic activation of MAPK promoted partial con-
densation of chromosomes (Fig. 5C, compare with Fig. 5E
for control) and reorganization of the microtubule array
surrounding the GV with a decrease in the thickness at the
animal hemisphere and an increase at the vegetal hemi-
sphere of the GV (Fig. 5B), all of which resembled the
changes that occur at the early phase of normal oocyte
maturation (Fig. 1C). When the c-mos mRNA-injected
oocytes were treated with U0126 at 3 h after injection,
chromosomes and microtubules remained unchanged (Figs.
5D and 5E), in spite of the expression of Mos in the oocytes
(Fig. 5A), confirming that the morphological changes ob-
served in the c-mos mRNA-injected oocytes are due to
FIG. 5. Effects of ectopic activation of MAPK in immature oocytes. (A) Anti-Xenopus Mos (Xe Mos) and phospho-MAPK (P-MAPK)
immunoblotting of oocytes that were treated with or without progesterone (PG), c-mos mRNA or U0126. Treatment with each drug are
shown by () and untreated controls are shown by (). (B–E) Oocytes were treated with (D, E) or without (B, C) U0126, injected with c-mos
mRNA, fixed 24 h after the injection, and stained with Hoechst 33258 for observation of chromosome morphology (C, E) or with
anti--tubulin antibody for observation of microtubule organization (B, D). The oocytes equipped with active MAPK (see the middle lane
of A) underwent partial chromosome condensation (C) and reorganization of the microtubule array surrounding the germinal vesicle (B),
whereas those without active MAPK (see the right lane of A) did not exhibit these changes (D, E). GV, germinal vesicle. Bars: 100 (B, D),
50 m (C, E). Similar results were obtained from two independent experiments.
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MAPK activity. These results indicate that, without MPF
activity, the ectopic activation of MAPK can mimic the
early events that occur during oocyte maturation, including
partial condensation of chromosomes and reorganization of
the microtubule array surrounding the GV. However, it is
also evident that MAPK can induce only the early changes
in chromosome condensation and microtubule organiza-
tion without MPF activity, if any. This suggests the require-
ment of MPF activity for MAPK to execute its roles in the
later events, such as the full condensation of chromosomes
and the aggregation of microtubules to form a spindle.
Necessity of MAPK Activity for Microtubule
Organization and Chromosome Condensation in
Cyclin B-Expressed Oocytes
For further investigation into the roles of MAPK during
oocyte maturation, we took another experimental approach
in which the level of MPF activity was increased by
injection of cyclin B1 or B2 mRNA to allow MAPK to
execute its functions. MAPK activity in the oocytes was
inhibited by treatment with U0126 or increased by injec-
tion of c-mos mRNA.
Protein levels of cyclins B1 and B2 and active Cdc2
increased depending on the amount of mRNA injected (Fig.
6A). The kinase activity of Cdc2 also increased in a dose-
dependent manner. The protein levels of the active form of
Cdc2 in the oocytes injected with 6.25, 12.5, and 25 ng of
cyclin B mRNA were 66, 150, and 186% of the level in the
progesterone-treated mature oocytes, respectively. Like in
Xenopus oocytes, active Cdc2 can activate MAPK in Rana
oocytes. Thus, the injection of cyclin B mRNA induced
MAPK activation in a dose-dependent manner (Fig. 6A).
The levels of MAPK activity in the oocytes injected with
6.25, 12.5, and 25 ng of cyclin B mRNA were 52, 99, and
121% of the level in the progesterone-treated mature oo-
cytes, respectively.
Injection of 6.25 or 25 ng of cyclin B mRNA provided the
oocytes with a certain amount of cyclin B protein according
to the dose of mRNA within 12 h after the injection (Fig. 6B;
data for cyclin B1 not shown). The injection also induced
MAPK activation, but the timing of induction of MAPK
activation following injection of 6.25 ng of cyclin B mRNA
was different from that following injection of 25 ng of
cyclin B mRNA (Fig. 6B). In the oocytes injected with 25 ng
of mRNA, MAPK was activated, coincident with MPF
activation, within 12 h after the injection. In the oocytes
injected with 6.25 ng of mRNA, however, MAPK was still
inactive at 12 h, at which time MPF was already activated;
MAPK activation was detected 24 h after the injection (Fig.
6A). These results indicate that, in addition to partial
activation of MPF and MAPK, the timing of MAPK activa-
tion was significantly later than that of MPF activation in
the oocytes injected with 6.25 ng of cyclin B mRNA.
When oocytes were injected with 6.25 ng of cyclin B1
mRNA, the minimum but sufficient amount for inducing
100% GVBD (Fig. 6B; see also Ihara et al., 1998), MPF and
MAPK were activated only partially (Fig. 6A), with the
activation of MAPK delayed compared with the timing of
MPF activation (Fig. 6B). In these oocytes, the chromo-
somes condensed completely (Fig. 6D), indicating that par-
tial activation of MPF and MAPK is sufficient for inducing
full condensation of chromosomes. In these oocytes, micro-
tubules shortened and dispersed throughout the cytoplasm
after the completion of GVBD, probably because of failure
in MTOC formation. The oocytes also failed to undergo
subsequent organization of microtubules (formation and
migration of TMA) leading to spindle formation (Figs. 6C
and 6D). In contrast, the injection of a larger amount of
cyclin B1 mRNA (12.5 or 25 ng) induced full activation of
MAPK as well as MPF (Fig. 6A). The injected oocytes
underwent changes in chromosomes and microtubules and
formed a spindle (Figs. 6C and 6E). The ability of these
oocytes to reproduce the morphological events leading to
spindle formation without progesterone action indicates
that MPF and MAPK are mainly involved in these events. In
these oocytes, however, the resultant spindle exhibited
abnormal structures, such as monopolar or multipolar (Fig.
6E). The injection of cyclin B2 mRNA gave similar results
(Fig. 6C).
For a better understanding of the participation of MAPK
in chromosome condensation and microtubule organiza-
tion induced in the cyclin B mRNA-injected oocytes, we
examined the effects of U0126 on these events. Even in the
U0126-treated oocytes, injection of the mRNA resulted in
cyclin B protein expression and Cdc2 activation in a dose-
FIG. 6. Effects of cyclin B expression on chromosome condensation and microtubule organization. (A) Immunoblotting of cyclin B and
Cdc2 and in-gel assay of MAPK in oocytes injected with various amounts (6.25, 12.5, and 25 ng) of cyclin B1 or B2 mRNA. Samples were
taken at 24 h after injection. Note that the difference between signal intensities of cyclins B1 and B2 is not due to different contents of these
proteins but due to different sensitivities to anti-cyclin B1 and B2 antibodies, because the extent of Cdc2 and MAPK activation in cyclin
B1-injected oocytes is similar to that in cyclin B2-injected oocytes. (B) Delay in MAPK activation in oocytes injected with 6.25 ng of cyclin
B mRNA. Oocytes were injected with 6.25 or 25 ng of cyclin B2 mRNA, extracted 12 or 48 h after injection, and subjected to
immunoblotting with anti-cyclin B2 and anti-phospho-MAPK (P-MAPK) antibodies. Im, immature oocyte. (C) The percentage (mean 
standard deviation; n  2) of cyclin B mRNA-injected oocytes in which dispersion or aggregation of microtubules occurred. The numbers
in parentheses indicate the total number of oocytes analyzed. (D, E) Chromosome and tubulin morphology of cyclin B mRNA-injected
oocytes. Oocytes were injected with 6.25 (D) or 25 ng (E) of cyclin B1 mRNA, fixed 48 h after the injection, and stained with propidium
iodide (red) and anti--tubulin antibody (green). The insets in (D) are enlargements (4 times) of DNA staining. Bars, 50 m.-
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FIG. 7. Effects of MAPK inhibition on chromosome and microtubule organization in oocytes that express various amount of cyclin B2.
(A) Immunoblotting of cyclin B2, Cdc2, and phospho-MAPK (P-MAPK) in oocytes injected with buffer (Buf) or various amounts (6.25, 12.5,
and 25 ng) of cyclin B2 mRNA. Before injection, oocytes were treated with U0126 () or DMSO as a control (). Injection of cyclin B2
mRNA induced Cdc2 activation [as indicated by the appearance of the active form (the faster migrating form) of Cdc2] regardless of U0126
treatment. MAPK activation was also induced by the injection, but it was inhibited by U0126 treatment. (B) The percentage of
U0126-treated and cyclin B2 mRNA-injected oocytes showing dispersion or aggregation of microtubules (mean  standard deviation; n 
2). The inhibition of MAPK resulted in the dispersion of microtubules (compare with Fig. 6C). The numbers in parentheses indicate the
total number of oocytes analyzed. (C) Chromosome and tubulin morphology of oocytes treated with 50 M U0126 and injected with 25 ng
cyclin B2 mRNA. Microtubules are shown in green and DNA in red. The insets are enlargements (2.5 times) of DNA staining. Bar: 50 m.
Similar results were obtained from two independent experiments with cyclin B1 mRNA.
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dependent manner (Fig. 7A; data for cyclin B1 not shown).
Although microtubules were shortened in these oocytes,
almost all of them had poorly condensed chromosomes and
failed to organize microtubule aggregation, even in the
oocytes that had been injected with a larger amount of
cyclin B mRNA and thereby had a high level of MPF
activity (Figs. 7B and 7C; data for cyclin B1 not shown).
These results indicate that MAPK activity is necessary for
chromosome condensation and microtubule organization
leading to spindle formation even if the oocytes have a high
level of MPF activity.
Sufficiency of Full Activation of MAPK for
Microtubule Aggregation in Cyclin B-Expressed
Oocytes
Oocytes injected with 6.25 ng of cyclin B mRNA, in
which MPF and MAPK were activated only partially, failed
to organize microtubules to form a spindle (Figs. 6C and
6D). We tested whether full activation of MAPK by injec-
tion of c-mos mRNA could restore this defect. Coinjection
of cyclin B and c-mos mRNA, however, was unable to
restore this defect, despite the fact that MAPK was fully
activated in the oocytes 24 h after the injection (data not
shown). We suspected that the MAPK activation by c-mos
mRNA takes a longer time than the MPF activation by
cyclin B mRNA. Thus, coinjection of cyclin B and c-mos
mRNA did not reproduce the almost simultaneous activa-
tion of MPF and MAPK in the oocytes that occurs in
normally maturing oocytes (Fig. 3B). To ensure simulta-
neous activation of MPF and MAPK, we injected Xenopus
c-mos mRNA 3 h before injection of cyclin B mRNA. The
results of immunoblotting and in-gel kinase assay con-
firmed the expression of Mos protein and full activation of
MAPK (Fig. 8A). The injection of c-mos mRNA did not
FIG. 8. Effects of full activation of MAPK in oocytes that express
minimum amounts of cyclin B. (A) Immunoblotting of Xenopus
Mos (Xe Mos), Rana cyclins B1 and B2, and Rana Cdc2, together
with in-gel assay of MAPK. Oocytes were injected with 25 ng
Xenopus c-mos mRNA () or buffer only (Buf) before further
injection with 6.25 ng cyclin B1 mRNA () or buffer only (Buf). The
injected oocytes were pretreated with () or without () U0126. (B)
Cdc2 kinase activity of oocytes injected with Xenopus c-mos
mRNA or buffer before injection with cyclin B1 mRNA (mean 
standard deviation; n  4). (C) Microtubule organization in oocytes
treated with U0126, c-mos mRNA, and cyclin B1 mRNA as
indicated. The percentage of oocytes exhibiting dispersion or
aggregation of microtubules is shown as mean standard deviation
(n  3). The numbers in parentheses indicate the total number of
oocytes analyzed. Similar results were obtained from three inde-
pendent experiments with cyclin B2 mRNA. (D, E) Chromosome
and tubulin morphology in oocytes treated with (E) or without (D)
U0126 followed by injections with c-mos and cyclin B1 mRNA.
Microtubules are shown in green and DNA in red. The insets show
enlarged images of DNA staining (5 times). Bars: 50 m. (F)
Position of microtubule aggregation in oocytes injected with c-mos
and cyclin B (B1 or B2) mRNA. The numbers in parentheses
indicate the total number of oocytes analyzed.
281The Roles of MPF and MAPK in Meiotic Events
© 2002 Elsevier Science (USA). All rights reserved.
increase Cdc2 kinase activity; rather, the levels of cyclin B1
expression, active Cdc2, and Cdc2 kinase activity decreased
slightly compared with those in the control oocytes in-
jected with buffer before the injection of cyclin B1 mRNA
(Figs. 8A and 8B).
The oocytes successively injected with c-mos and cyclin
B mRNA organized chromosomes and microtubules to
form a spindle (Figs. 8C and 8D), whereas the control
oocytes injected only with cyclin B1 mRNA (Fig. 8C) and
those treated with U0126 before the injection of c-mos and
cyclin B1 did not (Figs. 8C and 8E). These results indicate
that the full activation of MAPK simultaneously with MPF
activation is sufficient for organizing microtubule aggrega-
tion in oocytes with partially activated MPF. When the
c-mos- and cyclin B mRNA-injected oocytes were treated
with U0126, the chromosomes condensed only partially
(Fig. 8E). This result is compatible with those obtained for
oocytes that were treated with U0126 before the treatment
with progesterone or cyclin B mRNA (Figs. 4B and 7C),
further supporting the speculation of indispensability of
MAPK for full condensation of chromosomes.
Despite the finding that the ectopic activation of both
MPF and MAPK induces the oocyte to form a spindle, the
resulting spindle was abnormal and various in shape (a
monopolar or multipolar spindle or an enormous or unequal
bipolar spindle; data not shown). Accordingly, the align-
ment and separation of chromosomes were also irregular, so
that no polar body was extruded. Abnormality in spindle
morphology was also found in the oocytes injected with
cyclin B mRNA alone. The failure of these oocytes to have
normal bipolar spindle formation suggests the lack of acti-
vation of protein kinases other than MPF and MAPK
responsible for microtubule organization in these oocytes.
All of the results obtained from the experiments using
cyclin B2 mRNA were essentially the same as those using
cyclin B1 mRNA, except for the following point: When
cyclin B1 was coexpressed with Mos, most (91%) of the
oocytes formed an aggregation of microtubules and chro-
mosomes in the cortical layer of the cytoplasm and the
remainder formed an aggregation near the center of the
cytoplasm, whereas only half of the oocytes formed an
aggregation in the cortical layer when cyclin B2 was coex-
pressed (Fig. 8F). This difference suggests that the move-
ment of the TMA toward the cortex is mainly dependent on
the activity of MPF that consists of cyclin B1-Cdc2.
DISCUSSION
Taking advantage of immature Rana oocytes without
pre-MPF, we have discriminated the roles of MPF and
MAPK during oocyte maturation by observing in detail the
morphological changes in the oocytes. MAPK was inhibited
or activated by treatment of oocytes with Mek inhibitors or
by injection of oocytes with c-mos mRNA in combination
with the activation of MPF by cyclin B mRNA injection.
The results enabled us to distinguish the events controlled
solely by MPF, those controlled solely by MAPK, and those
controlled by the cooperation of MPF and MAPK from a
sequence of morphological changes during oocyte matura-
tion (Fig. 9).
We focused on the following seven distinct morphologi-
cal events that occur during oocyte maturation: (1) reorga-
nization of the microtubule array surrounding the GV, (2)
GVBD, (3) condensation of chromosomes, (4) formation of
the MTOC and TMA, (5) migration of the TMA toward the
animal pole, (6) transformation of the TMA into a compact
aggregation prior to the formation of a spindle, and (7)
formation of a bipolar spindle (Fig. 9). Reorganization of the
microtubule array surrounding the GV is induced by MAPK
without MPF activity (Fig. 5), while GVBD is induced by
MPF without MAPK activity (Fig. 7). Although full activi-
ties are not necessary, condensation of chromosomes re-
quires the activities of both MAPK and MPF (Fig. 6), and the
activity of only one of them can induce only partial con-
densation of chromosomes (Figs. 5 and 7). Formation of the
MTOC and TMA is promoted by MAPK, though the activ-
ity of MPF is a prerequisite (Figs. 4, 6, and 8). The move-
ment of the TMA toward the animal pole of the oocyte is
controlled by MAPK in cooperation with MPF that mainly
consists of cyclin B1-Cdc2 kinase (Fig. 8F), whereas trans-
formation of the TMA into a compact aggregation is medi-
ated solely by MPF (Fig. 7). Bipolar spindle formation
requires activities other than those of MAPK and MPF,
since even under ectopic full activation of MAPK and MPF,
a functional bipolar spindle was not formed at all (Figs. 6
and 8).
The Roles of MPF in Oocyte Maturation
Among the above-described events, it was found that
GVBD and partial condensation of chromosomes can be
induced by MPF without any MAPK activity (Figs. 4, 7, and
8). These findings are in part consistent with findings in a
recent study that MPF causes disassembly of nuclear
lamina and partial condensation of chromosomes in the
mitotic cell cycle (Draviam et al., 2001), indicating that the
roles of MPF in these events are general in both meiosis and
mitosis. We have also shown for the first time in vivo that
MPF can shorten microtubules without the requirement of
MAPK activity (Fig. 7C). Accordingly, we suggest that MPF
is solely involved in transformation of the TMA into a
compact aggregation (Fig. 9). However, our findings have
also revealed that the organization of microtubules leading
to spindle formation requires not only MPF but also MAPK
(Figs. 4, and 6–8). In contrast, it has been reported that, in
mitosis, MPF can organize microtubules into a monoaster
spindle and drive the cell cycle normally, regardless of
MAPK (Mek) activity (Draviam et al., 2001). Taken to-
gether, the findings suggest that the role of MPF in micro-
tubule organization differs in meiosis and mitosis.
The functions of cyclin B1-Cdc2 and cyclin B2-Cdc2 also
differ in mitosis and meiosis. In mitotic cells, cyclin B1-
Cdc2 has the ability to promote nuclear lamina disassembly
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and reorganization of microtubules, but cyclin B2-Cdc2
does not (Draviam et al., 2001); nevertheless, both cyclin
B1-Cdc2 and cyclin B2-Cdc2 can promote GVBD and mi-
crotubule organization in meiotic cells (oocytes), as dem-
onstrated in this study. In spite of the fact that cyclin
B1-Cdc2 and cyclin B2-Cdc2 have similar functions in
oocyte maturation, they clearly act differently in several
particular points. For example, we found that the activation
of MAPK and cyclin B1-Cdc2 induces the movement of the
TMA toward the oocyte surface, while the activation of
MAPK and cyclin B2-Cdc2 does not (Fig. 8F). These findings
suggest that cyclin B1-Cdc2, rather than cyclin B2-Cdc2,
controls the migration of the TMA (Fig. 9). Furthermore, we
previously showed that antisense RNA-mediated inhibition
of translation of cyclin B2, but not cyclin B1, causes a defect
in bipolar spindle formation (Kotani et al., 2001), suggesting
that cyclin B2-Cdc2, but not cyclin B1-Cdc2, is responsible
for bipolar spindle formation (Fig. 9).
The Roles of MAPK in Oocyte Maturation
MAPK has been suggested to be involved in microtubule
organization during oocyte maturation in many animals. In
Xenopus oocytes, the inhibition of MAPK by U0126 before
progesterone treatment prevented spindle formation (Gross
et al., 2000; Bodart et al., 2002). Oocytes from c-mos-
knockout mice extruded abnormal polar bodies (Verlhac et
al., 1996; Choi et al., 1996) (see also reviews Sagata, 1997;
Abrieu et al., 2001). Inhibition of MAPK in porcine (Lee et
al., 2000) and bovine (Gordo et al., 2001) oocytes induced
formation of an abnormal spindle. In invertebrates, MAPK-
inhibited marine worm and Mos-ablated starfish oocytes
showed abnormalities in microtubule organization (Gould
and Stephano, 1999; Tachibana et al., 2000). In most of
those studies, however, the functions of MAPK and those of
MPF were not examined separately, and it is still therefore
not clear to what extent MAPK, exclusive of MPF activity,
contributes to the events that occur during oocyte matura-
tion.
In this study, we discriminated the functions of MAPK
from those of MPF and clarified the extent of their collabo-
ration by observing morphological changes in Rana oocytes
in which either MAPK or MPF activity was optionally
activated or inhibited. All of our results indicate that
MAPK plays important roles in the regulation of microtu-
bule organization throughout the period of oocyte matura-
tion, although MPF activity is usually required for MAPK to
exert its functions. Taken together, it is summarized that
the primary function of MAPK is regulation of microtubule
organization during oocyte maturation in cooperation with
MPF, which assures the formation of a normal meiotic
spindle that is prerequisite for accurate extrusion of polar
bodies.
The involvement of MAPK in chromosome condensation
has not been clear to date. In this study, we obtained
evidence that full condensation of chromosomes requires
MAPK activity by demonstrating that (1) inhibition of
MAPK in progesterone-treated oocytes results in incom-
plete condensation of chromosomes and in decondensation
of chromosomes at transition of metaphase I to II (Fig. 4),
and (2) chromosome condensation in cyclin B mRNA-
injected oocytes is disturbed when MAPK activation is
inhibited (Fig. 7). However, it should be noted that MAPK
brings about only partial chromosome condensation with-
out MPF activity (Fig. 5). It is therefore concluded that
MAPK induces full condensation of chromosomes in col-
laboration with MPF, as is the case of microtubule organi-
zation.
MAPK is thought to prevent nuclear formation and DNA
replication between meiosis I and II in Xenopus (Furuno et
al., 1994; Gross et al., 2000) and starfish (Tachibana et al.,
2000). We have confirmed this in Rana oocytes. The sup-
pression of nucleus formation and DNA replication be-
tween meiosis I and II is also ensured by residual activity of
MPF, which may necessitate the absence of Wee1 (Iwabuchi
et al., 2000; Nakajo et al., 2000). Thus, both MAPK and
MPF seem to be indispensable for omission of the inter-
phase between meiosis I and II; however, the interplay of
MAPK and MPF for suppression of the interphase remains
to be elucidated.
Cooperation of MPF and MAPK during Oocyte
Maturation
Except for only a few events at the early phase, such as
GVBD and reorganization of the microtubule array sur-
rounding the GV, many of the morphological changes
during oocyte maturation are controlled by the cooperation
of MPF and MAPK. This was demonstrated by the exhibi-
tion of apparent defects in oocytes equipped only with the
activity of either MPF or MAPK and the induction of almost
all of the changes without progesterone action in oocytes
that have ectopically activated MPF and MAPK. The results
of experiments carried out to determine whether full acti-
vation of MAPK is sufficient for organization of the micro-
tubules and chromosomes to form a spindle in the oocyte
injected with a small amount of cyclin B mRNA (oocyte
having partially activated MPF and MAPK) clearly showed
that MAPK cannot exert its functions when activated later
than MPF activation, indicating the importance of the
timing of their activation as well as the importance of the
levels of their kinase activities. The results obtained in this
study primarily indicate that full activation of MAPK is
sufficient for organization of microtubule aggregation in
oocytes with partially activated MPF. However, full activa-
tion of MAPK may actually be unnecessary for microtubule
aggregation. Since MAPK and MPF are not fully activated at
the time of TMA formation, which coincides with GVBD
during normal maturation (Fig. 3B), only partial activation
of MAPK might be sufficient for microtubule aggregation
when MPF is also partially activated simultaneously. In
this context, the success in organization of microtubule
aggregation in oocytes injected with large amounts of cyclin
B mRNA could be explained by close timing of MPF
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activation and MAPK activation for execution of MAPK
action, rather than by high levels of activity of MPF and
MAPK, in these oocytes. In other words, the failure in
organization of microtubule aggregation in oocytes injected
with small amounts of cyclin B mRNA may be due to
delayed activation of MAPK, not due to its low level of
activity.
Although MPF and MAPK control almost all of the
morphological changes that occur during oocyte matura-
tion, many proteins downstream of MPF and MAPK might
play important roles in these changes. For example, p90Rsk
has been shown to be involved in meiotic spindle formation
in Xenopus oocytes (Gross et al., 2000), Nek2 has been
shown to be involved in meiotic chromosome condensation
in mouse spermatocytes (Agostino et al., 2002), and
XMAP230 has been shown to play a role in microtubule
assembly and organization during Xenopus oocyte matura-
tion (Cha et al., 1998).
In conclusion, we have clarified the functions of MPF and
MAPK during oocyte maturation. MPF induces GVBD and
transformation of microtubules into a compact aggregation
prior to spindle formation without any MAPK activity,
whereas MAPK induces reorganization of the microtubule
array surrounding the GV at the onset of GVBD without
MPF activity. Conversely, the collaboration of MPF and
MAPK is required for the other morphological events,
including full condensation of chromosomes, formation of
the MTOC and TMA, and movement of the TMA toward
the animal pole. Bipolar spindle formation may require
activities other than those of MPF and MAPK. Coactivation
of MPF and MAPK without hormone treatment resulted in
promotion of almost all of the morphological events that
occur during oocyte maturation, except for normal bipolar
spindle formation, indicating that the events during oocyte
maturation are primarily controlled by cooperation of MPF
and MAPK. Further studies, including biochemical studies
to identify in vivo substrates for these kinases, are needed
to elucidate the mechanisms by which drastic but well-
organized morphological events during oocyte maturation
are driven by the activities of MPF and MAPK.
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